This is an Accepted Work that has been peer-reviewed and approved for publication in the Molecular Microbiology, but has yet to undergo copy-editing and proof correction. See http://www.blackwellsynergy.com/loi/mmi for details. Please cite this article as a "Postprint"; 
INTRODUCTION 39 40
The Gram(-) bacterium Helicobacter pylori chronically infects the stomach of half of the world's 41 human population, causing inflammation in the stomach that can lead to peptic ulcer disease and 42 gastric cancers (Kusters et al., 2006) . The host immune system wards off these and other bacteria by 43 exposing them to DNA damaging agents. Bacteria overcome this damage in part by repairing their 44 damaged DNA using homologous recombination. Homologous recombination involves three steps. 45
First, a presynaptic step processes the damaged DNA to produce single-stranded DNA coated with 46
RecA protein. The second, synaptic step involves homology searching and strand exchange promoted 47 optimized for the H. pylori enzyme (supplemental Figure S1 ). Replacement of either the addA or addB 145 gene with an antibiotic resistance cassette to create deletion (null) alleles abolished activity. ATP-146 dependent nuclease activity could be restored in these strains by complementation with addA + or 147 addB + . As a further control, we showed that disruption of two other recombination genes, recA and 148 ruvC, had no effect on ATP-dependent nuclease activity. 149
To determine if addA and addB are the structural genes sufficient to confer ATP-dependent 150 nuclease activity, we expressed these proteins in an E. coli strain deleted for recBCD. Cytosolic 151 extracts of this strain without the addA and addB genes showed a very low level of ATP-dependent 152 nuclease activity that was not enhanced by introduction of the vector control ( Table 2) . Introduction of 153
an addAB co-expression construct (pETDuet-1 addA addB) resulted in a >40-fold increase in ATP-154 dependent nuclease activity. The non-inducible recBCD + control plasmid (pMR3) resulted in a 10-fold 155 increase in activity. 156
For an intracellular measure of H. pylori AddAB nuclease activity in these E. coli cells, we 157 examined the ability of the addAB genes to restrict T4 phage infection. The T4 gene 2 protein blocks 158
RecBCD-dependent degradation of the phage DNA upon infection, perhaps by binding to the DNA 159 ends in the virion (Oliver and Goldberg, 1977) . A T4 gene 2 mutant can productively infect an E. coli 160 strain lacking RecBCD nuclease activity (Amundsen et al., 1990 ) but shows a six-log reduction in 161 plating efficiency in recBCD + E. coli (Table 2) . Similarly, expression of addAB in the recBCD deletion 162 strain efficiently restricted T4 2 -infection. Thus, the H. pyori addAB genes confer nuclease activity 163 both in cell-free extracts and in intact cells. 164
In addition to being an ATP-dependent ds DNA exonuclease, RecBCD enzyme is a highly 165 processive DNA helicase (Taylor and Smith, 1980) . We tested extracts of E. coli recBCD mutant cells 166 expressing H. pylori addAB or E. coli recBCD for unwinding activity using linearized, 5'end-labeled 167 pBR322 DNA as substrate. These extracts unwound linear DNA, but extracts with the vector 168 (pETDuet-1) lacking the addA and addB genes did not (Figure 2 ). Unwinding activity by AddAB was 169 ATP-dependent but slightly weaker than that by RecBCD. These results confirm that the H. pylori 170 addA and addB genes encode an ATP-dependent helicase-nuclease similar to RecBCD enzyme of E. 171 coli. In the absence of ATP the effective Mg 2+ concentration is elevated and ATP-independent 172 nucleases present in the extract degraded some of the substrate to oligonucleotides (Figure 2) . 173 174 addAB and recA Mutants Are Hypersensitive to DNA Damaging Agents 175
Mutants lacking E. coli RecBCD or B. subtilis AddAB show increased sensitivity to several antibiotics 176 that damage DNA (Alonso et al., 1993) , as do recA mutants of several species including H. pylori 177 (Schmitt et al., 1995, Thompson and Blaser, 1995) . As expected, H. pylori addA and addB mutant 178 strains also showed heightened sensitivity to the alkylating agent mitomycin C and the DNA gyrase 179 inhibitor ciprofloxacin (Table 3) , both of which lead to DNA ds breaks (Iyer and Szybalski, 1963 , 180 Wolfson and Hooper, 1985, Sioud and Forterre, 1989) . The sensitivity observed for the addA and addB 181 mutants was similar to that seen for a recA mutant and could be complemented by expression of the 182 corresponding gene. We conclude that H. pylori AddAB is required for repair of intracellular ds 183
breaks. 184
In contrast, when we examined UV sensitivity, addA and addB mutants were markedly less 185 sensitive than a recA mutant (Figure 3 ), suggesting that ds break repair does not play a major role in 186 repair of this damage in H. pylori. The modest UV sensitivity of the addA and addB mutants could be 187 complemented by the corresponding genes. This complementation was particularly evident at the 4 188 kJ/m 2 exposure, where the complemented strains were slightly more resistant than wild type. This 189 enhanced resistance may result from a higher-than-wild-type level of expression when the genes are at 190
the rdxA locus, which shows constitutive high level expression of several proteins (D. M. Santini, L. K. Sycuro, N. R. Salama, unpublished observations). 192
We also queried the role that H. pylori AddAB might play in homologous recombination 193 during natural transformation with a chromosomal marker. While the recA mutant completely lost the 194 ability to undergo natural transformation, as reported previously (Schmitt et al., 1995, Thompson and 195 Blaser, 1995) A possible role for recombination-based repair during infection was suggested by the observation that 206 a mutant lacking a Holliday junction resolvase homolog RuvC had persistence defects during stomach 207 colonization (Loughlin et al., 2003) . Therefore, we investigated the role that AddAB and RecA, 208 proteins whose homologs promote the early steps of recombination-based repair, might play in 209 stomach colonization. 210
We first performed competition experiments by oral infection with 1:1 mixtures of mutant and 211 either wild type or complemented mutant in the NSH57 strain background. We allowed the infection to 212 continue for one week and then harvested the bacteria from the stomachs. Plating on selective and non-213 selective media allowed enumeration of mutant and total bacteria. A competitive index was computed 214
for each animal as the ratio of mutant to wild-type (or complemented mutant) bacteria recovered after 215 one week, adjusted for the ratio of strains in the inocula. While there is considerable mouse-to-mouse 216 variation in the assay, the average competitive index of either addA or addB mutants in competition 217 with either wild type or the complemented mutant was below 1, indicating a colonization defect for the 218 mutants ( Figure 4) . Curiously, when the addA complemented strain was competed with wild type, the 219 competitive index was above 1. As described above, expression of addA from the rdxA locus may 220 result in a higher expression level that is protective under some circumstances. We were unable to 221 complement the recA mutant clone because of the requirement of RecA for natural transformation. 222
However, two independently generated recA mutant clones both yielded even lower competitive 223 indices than addA or addB mutants (Figure 4 ). While we recovered at least some mutant bacteria in 5 224 of 8 addA mutant and 5 of 9 addB mutant competitions with wild type or complemented strains, we 225 never recovered recA mutant bacteria in competition experiments. All three mutants (recA, addA, and 226 addB) showed comparable growth to wild type during in vitro culture (supplemental Figure S2) . 227
In order to gain further insight into the infection potential of our H. pylori strains we infected 228 groups of five animals with decreasing titers of individual strains to determine the dose required for 229 (Robinson et al., 2005) . 241
The mechanisms by which the immune system becomes redirected remain obscure. We previously 242
showed that H. pylori can abolish babA-dependent adhesion by a gene conversion-like event between 243 babA and a related locus, babB, and that this event is selected during infection of some hosts (Solnick 244 et al., 2004) . We investigated whether this gene conversion event requires recombination protein 245 activity. To do this, we created null alleles of recA, addA, and ruvC in the J166 strain background 246 where we had previously measured spontaneous babA to babB gene conversion during in vitro culture 247 Neisseria gonorrhoea. The E. coli enzyme is crucial for repair of DNA breaks and genetic 263 recombination involving linear DNA (Smith, 2001) , and the recC gene appears to be under positive 264 selection in uropathogenic strains of E. coli (Chen et al., 2006) . N. gonorrhoeae recB, recC, and recD 265 mutants are more sensitive than wild-type strains to hydrogen peroxide (Stohl and Seifert, 2006) . We 266 discuss below the properties of H. pylori AddAB enzyme and its role in colonization of the stomach of 267 mice and compare its role with that of RecA protein, which is also required for DNA repair as well as 268 homologous recombination. 269
We identified the addA and addB genes using BLAST searches that started with a consensus 270 sequence for RecB. This polypeptide contains both the canonical seven helicase motifs (Bork and 271 Koonin, 1993) and a nuclease domain (Yu et al., 1998) . Although the helicase motifs are highly 272 conserved among a large group of helicases with highly divergent cellular functions, the nuclease 273 domain appears to be unique to RecB-related polypeptides. This dual criterion in our searches may 274 account for our finding the RecB-related polypeptide AddA of H. pylori, whereas previous searches 275
were not successful. The AddB polypeptide also contains a closely related nuclease domain and a large 276 region with only scant similarity to helicases. These properties allowed us to identify H. pylori AddB. 277
Identification of the H. pylori addA and addB genes allowed us to discover further that AddAB 278 proteins are in fact well conserved among all the sequenced epsilon Proteobacteria in spite of the fact 279 they have not been annotated in most sequencing projects (Rocha et al., 2005 ) 280
Although the addA and addB genes of many groups of bacteria are adjacent and appear to form 281 an operon, the H. pylori addA and addB genes are not; they are separated by approximately 500 kb. 282
We suppose that the AddA and AddB polypeptides act together in a complex, as do the RecBCD 283 polypeptides and AddAB polypeptides of other bacteria investigated (Kooistra and Venema, 1991, 284 Taylor and Smith, 1995). As noted below, the phenotypes of H. pylori addA and addB mutants are 285 indistinguishable, as expected if the polypeptides act in a complex. If so, the control of the unlinked 286 addA and addB genes to maintain the proper stoichiometry of the two polypeptides remains an 287 interesting question. 288
By assaying extracts of H. pylori, we detected an ATP-dependent nuclease (Table 1 and Figure  289 S1), the defining characteristic of the RecBCD class of enzymes, also called exonuclease V. The ATP-290 dependence of the nuclease activity is a consequence of DNA degradation occurring only during 291 unwinding, which requires the energy of ATP hydrolysis. ATP-dependent nuclease activity was 292 undetectable in addA and addB mutants; as expected, this loss was complemented by insertions of the 293 corresponding genes at a distant locus (Table 1 ). These genes also conferred ATP-dependent nuclease 294
and ATP-dependent DNA unwinding activity to an E. coli recBCD deletion mutant (Table 2 and  295 Figure 2), indicating that they are the structural genes for this enzyme. Activity was detected both in 296 extracts and in intact cells, which blocked the growth of a phage T4 mutant lacking a protein that 297 protects linear DNA from nuclease digestion. Expression of these genes in E. coli provides a way to 298 make large amounts of H. pylori AddAB enzyme for further analysis. 299
Our phenotypic analyses suggest that, like the E. coli RecBCD enzyme, H. pylori AddAB 300 functions to repair DNA damage that results in ds breaks; both addA and addB mutants were highly 301 sensitive in vitro to the alkalating agent mitomycin C and the topoisomerase inhibitor ciprofloxacin but 302 only slightly sensitive to UV-induced damage (Table 3) pylori. Several lines of evidence suggest that even in its extracellular niche, H. pylori is exposed to 331 oxidative damage soon after infection. Recent work using the mouse model showed H. pylori-332 dependent infiltration of neutrophils and macrophages one and two days post-infection which then 333 decreased to low levels at three and ten days post-infection, suggesting a rapid innate immune response 334 to infection that is then down-regulated (Algood et al., 2007) . Because neutrophil infiltration is a 335 hallmark of human H. pylori infection, the interaction of H. pylori and cultured neutrophils has been 336 studied in some detail. Interestingly, while H. pylori is readily taken up by neutrophils and is a potent 337 activator of the phagosome NADPH oxidase, active flavocytochrome b 558 complex does not assemble 338 Colonization by H. pylori of its host for decades is required for development of disease. The 397 data presented here suggest that recombinational repair proteins, including AddAB and RecA, play 398 multiple roles during infection. The in vivo phenotypes we report here after one week of infection 399 likely result from the requirement for these proteins to combat DNA damage stress induced soon after 400 infection. Interestingly, while recA mutants have a very severe phenotype, addAB mutants can still 401 colonize. This outcome will allow study of genetic diversification during long-term colonization to 402 further dissect additional roles of recombinational repair proteins during infection. Recombinational 403 repair has been suggested as a target that could enhance the efficacy of other antibiotics that lead to 404 intracellular oxidative stress (Kohanski et al., 2007) . Our work suggests that for H. pylori and perhaps 405 other bacteria AddAB could be a promising direct target for a novel antimicrobial drug, since this class 406 of enzymes is widely distributed in prokaryotes but not in eukaryotes. 407
408

EXPERIMENTAL PROCEDURES 409 410
Bacterial Strains and Growth 411
E. coli strains (Table S1 ) were grown in media containing Difco tryptone and yeast extract (LB), 412
Terrific Broth (Fisher), or Difco tryptone (TB). These media, phage suspension medium (SM), and top 413 agar have been described (Cheng and Smith, 1989) . H. pylori strains (Table S1) were grown on solid 414 horse blood agar (HB) plates containing 4% Columbia agar base (Oxoid), 5% defibrinated horse blood 415 (HemoStat Labs), 0.2% ß-cyclodextrin (Sigma), vancomycin (Sigma; 10 µg/ml), cefsulodin (Sigma; 5 416 µg/ml), polymyxin B (Sigma; 2.5 U/ml), trimethoprim (Sigma; 5 µg/ml), and amphotericin B (Sigma; 8 417 µg/ml) at 37°C either under a microaerobic atmosphere generated using a CampyGen sachet (Oxoid) in 418 a gas pack jar or in an incubator equilibrated with 14% CO 2 and 86% air. For liquid culture, H. pylori 419 was grown in Brucella broth (Difco) containing 10% fetal bovine serum (BB10; Invitrogen) with 420 shaking in a gas pack jar with a CampyGen sachet. For antibiotic resistance marker selection, bacterial 421 media were additionally supplemented with ampicillin (100 μg/ml), kanamycin (50 μg/ml), 422 chloramphenicol (Cm; 15 µg/ml) or metronidazole (Mtz; 36 μg/ml). When culturing bacteria from 423 mouse stomachs, Bacitracin (Bac; 200 μg/ml) was added to eliminate normal mouse microbiota 424 contamination. 425
426
DNA Manipulations 427
DNA manipulations, such as restriction digestion, PCR, and agarose gel electrophoresis, were 428 performed according to standard procedures (Ausubel et al., 1997) . Genomic DNA was prepared from 429 H. pylori by Wizard genomic DNA preparation kits (Promega). Primers used for PCR and sequencing 430 are in Table S2 , and plasmids used in this study are in Table S3 . 431 432
Generation of H. pylori Isogenic Knockout Mutants 433
In the NSH57 strain background, null alleles of addA, addB, recA, and ruvC were constructed using a 434 vector-free allelic replacement strategy to generate alleles in which a chloramphenicol acetyl 435 transferase resistance cassette replaced 80-90% of the coding sequence of the gene while preserving 436 the start and stop codons (Chalker et al., 2001 . The primers used for this 437 procedure are in Table S2 . The resistance cassette contains its own promoter but lacks a transcriptional 438 terminator and in all cases was inserted in the same direction of transcription as that of the native gene. 439
After natural transformation (Wang et al., 1993) with the appropriate PCR product and selection on 440
Cm-containing media, four to eight clones were evaluated by PCR to confirm replacement of the wild-441 type allele with the null allele; urease activity and flagella-based motility were also confirmed. Single 442 clones were used for infection experiments and phenotypic characterization. J166 deletion mutants of 443 recA, addA, and ruvC were constructed by allelic exchange using methods similar to those previously 444 described (Akopyants et al., 1998) . Briefly, a non-polar kanamycin resistance (aphA) cassette 445 (Menard et al., 1993 ) and ~1 kb upstream and downstream "arms" for each gene were PCR amplified 446 using primers (Table 3) 
Generation of E. coli Expression Constructs and H. pylori Complementation 454
Constructs 455
The E. coli expression construct pJF30 containing both AddA and AddB in pETDuet-1 (Novagen) was 456 made by separately amplifying addA (HP1553) and addB (HP1089) from H. pylori strain 26695 using 457 primers AddA-C1(SalI), AddA-N1(NcoI), AddB N1 (NdeI), and AddB C1 (AvrII). The reaction 458 conditions included six cycles with 54ºC annealing temperature followed by 24 cycles with 62ºC 459 annealing temperature and used High Fidelity Taq and Supermix (Invitrogen). Each gene was 460 separately cloned into pETDuet-1 after digestion of the PCR product and the vector with the indicated 461 restriction enzymes using standard procedures to generate pJF25 (addA), and pJF22 (addB). pJF30 was 462 made by subcloning addB from pJF22 into pJF25 using NdeI and AvrII. Vectors for complementation 463 were made by subcloning each gene individually into pRdxA and introduced into H. pylori NSH57 by 464 natural transformation and selection on Mtz-containing media (Smeets et al., 2000) . The addA 465 complementing vector pJF29 was made by subcloning addA from pJF31 using XbaI and SalI. The 466 addB complementing vector pJF27 was made by subcloning addB from pJF22 using AvrII and XbaI. 467
All inserted genes contained the expected nucleotide sequences, except for addB in pJF22, pJF30, 468 pJF31, and pJF27, which contained a single point mutation [T2311 → C2311] changing serine 771 to 469 proline (S771P). This residue is not part of any conserved domain of AddB, and the S771P-containing 470 clone fully complemented drug sensitivity and animal infectivity in H. pylori (Table 3 and Figure 4) . 471
For assaying enzymatic activities, this mutation was repaired using QuikChange (Strategene) on the 472 pJF30 template to generate pSA405. 473
474
Preparation of Cell-free Extracts and Enzymatic Assays 475
Extracts were prepared as described by (Tomizawa and Ogawa, 1972) . For H. pylori extracts bacteria 476 were harvested from 24 -48 hour plate-grown cultures. For E. coli extracts bacteria were harvested 3 477 hr after addition of 1 mM IPTG to induce expression of AddA and AddB. ds exonuclease activity was 478 assayed as ATP-dependent solubilization of uniformly [ 3 H]-labeled T7 DNA (specific activity 2x10 4 479 cpm/μg; Eichler and Lehman, 1977) . Each assay included two or three protein concentrations that gave 480 a linear relationship between acid-solubilized DNA and protein assayed. Assays of haploid H. pylori 481 extracts contained 10 mM MgCl 2 and 1 mM ATP (see Figure S1) . Assays of H. pylori AddAB in E. 482 coli extracts contained 50 μM ATP (Table 2) . 483
The pylori addAB genes was grown in TB broth containing ampicillin (100 ug/ml) to about 2 x 10 8 498 cells/ml. Phage T4 or T4 2 -in SM (50 μl) were added to 0.1 ml of bacteria and incubated for 15 min at 499 37 o C. Top agar (2.5 ml) was added and the mixture poured onto a TB agar plate. Plates were 500 incubated at 37 o C overnight, after which plaques were enumerated. 501 502
Antibiotic Resistance Testing 503
Bacteria taken from fresh plates (incubated for 18 -36 hr) were grown in liquid culture to an optical 504 density at 600 nm (OD 600 ) between 0.1 and 1 and examined for spiral shape and motility. Five fold 505 serial dilutions were spotted onto plates containing increasing concentrations of mitomycin C or 506 ciprofloxacin (Sigma). The minimal inhibitory concentration was determined when drug prevented 507 growth of at least two five-fold serial dilutions. 508
509
UV Sensitivity 510
Bacteria were grown as described for antibiotic resistance testing. Dilutions were plated in duplicate, 511 each on one half of a plate, and exposed to UV using a UV Stratalinker 2400 (Stratagene) on the 512 energy setting. After UV exposure, plates were incubated for 3 -4 days until single colonies could be 513 inoculation, a portion of the inoculum was plated on HB-Bac plates and HB-Cm plates to determine 529 the number of wild-type and mutant bacteria, respectively, in the inocula. After 1 week the mice were 530 euthanized by inhalation of CO 2 . The glandular stomach was removed and cut along the greater 531 curvature, and any food was removed. The stomach was then cut in half longitudinally, and one half 532 stomach placed in 0.5 mL of BB10 broth for homogenization with disposable pellet pestles (Fisher 533 Scientific). Dilutions of the homogenate were plated on HB-Bac to enumerate total bacteria and on 534 HB-Cm plates to enumerate mutant bacteria. If no mutant bacteria were recovered we set the number 535 of colonies on the lowest dilution plated to three. From the Poisson distribution we estimate with 95% 536 confidence that a plate containing zero colonies corresponds to three or less colony forming units 537 (CFU). The average bacterial colonization load for wild type in these experiments was 1.3 x 10 5 CFU/g 538 and the range was 3.3 x 10 3 -9.6 x 10 5 CFU/g. The competitive index (CI) was computed as follows: 539 CI = (output mutant CFU / output wild-type CFU) / (input mutant CFU / input wild-type CFU). ). 540
To determine the dose for fifty percent infection (ID 50 ), the indicated strains were grown in 541 liquid culture to mid-to-late logarithmic growth phase and concentrated to give 5 x 10 9 -5 x 10 10 542 bacteria per ml. Serial ten-fold dilutions were prepared and inoculated into each of five mice. After 7 -543 10 days mice were euthanized and processed as described above; bacteria were enumerated on HB-Bac 544
plates. The number of infected mice at each titer was determined (supplemental table S4), and the ID 50 545 was calculated using the method of Reed and Muench (Reed and Muench, 1938) . 546 547 babA Gene Conversion Assay 548
Real-time quantitative PCR was used to determine the frequency of apparent gene conversion of babA 549 to babB, using methods similar to those described (Solnick et al., 2004) . Briefly, genomic DNA was 550 prepared from individual colonies of wild-type H. pylori J166, and from isogenic mutants with 551 deletions of recA, addA, or ruvC. Each 20 μl reaction contained 10 μl of iQ SYBR Green Supermix 552 (Bio-Rad Laboratories, Hercules, CA), 5 μl of primer pair (1 μM each) containing a primer (Table S3)  553 upstream of the babA locus (F14) and a primer in either babA (160R) or babB (178R), and 5 μl of 554 DNA template (0.0375 ng/μl for babA; 5 ng/μl for babB). Amplification was carried out in a Bio-Rad 555 iCycler (3 min at 95°C; 45 cycles of 30 sec at 95°C, 30 sec at 58°C, 1 min at 72°C) and the cycle 556 threshold (Ct) was determined. Standard curves were constructed for babA and babB using plasmids 557 (Table S2) in which babA (pJ150) or babB (pJ151) was amplified and cloned into pGEM-T Easy 558 (Promega, Madision, WI) using TA cloning. Template for amplification of the babA and babB 559 fragments was chromosomal DNA from wild-type H. pylori J166 (babA) or H. pylori J166 passaged 560 through rhesus macaques (babB), in which the babA gene was converted by babB. Primers for 561 amplification of babA and babB (Table S3) The geometric mean of the frequency of babB/babA at the babA locus is reported and the bars indicate 815 1 standard deviation. The difference in means between groups was considered significant (one-way 816 analysis of variance, p = 0.0002). Significant P values for pair-wise comparisons between groups are 817 indicated **p <0.001, *p <0.01. 818 The values are the means and standard deviations of the number of extracts assayed in parentheses.
For those experiments where two extracts were assayed only the mean is indicated. 
